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ABSTRACT
Seismic engineering provides design and construction techniques so that buildings and
other structures can survive the tremendous forces of earthquakes. While codes and
design practices have resulted in greatly improved designs of new buildings, the main
danger lies in the nation's inventory of existing vulnerable buildings.
This thesis examines the seismic retrofitting project for the Ste-Justine Hospital in
Montreal. The hospital was built in the 1950s, at a time when seismic engineering
regulations were rudimentary and applied with inconsistency. The total floor area
spanned by the hospital exceeds 65,000m2, and none of the buildings have shear walls or
bracing. The engineers have apparently been counting on the frame behavior of the
continuous reinforced concrete structure to resist lateral forces. In their current
conditions, the existing buildings do not meet the actual code requirements by a wide
margin, and seismic retrofitting is a priority.
This thesis presents different solutions for increasing the lateral rigidity of the buildings,
based on the idea that the perturbation of health services, noise, vibrations, and dust has
to be minimized. Exterior concrete shear walls adjacent to the facades were selected as
the best option. The lateral stiffness provided by concrete shear walls with window
openings and by steel cross bracings were compared using Etabs. The two models
presented lateral displacements smaller than the deflection criterion of 1:300, but the
concrete shear wall model was found to be the one generating the smallest displacements.
Precisely, maximum deflections of 1:700 and 1:485 were obtained for the concrete model
and the steel model, respectively.
A cost analysis of the concrete shear wall option for one of the blocs of the hospital
showed that the architectural interventions in this kind of project may cost as much as the
structural modifications.
Thesis Supervisor: Jerome J. Connor
Title: Professor of Civil and Environmental Engineering
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Introduction
Earthquakes are one of nature's most damaging hazards. During the 20th century, an
average of 20,000 people died as a result of earthquakes each year . These statistics have
encouraged engineers to learn more about the mechanisms, origins, propagation, and
warning signs of earthquakes. However, earthquakes will remain an unpredictable
phenomenon.
The principal objective of seismic engineering is to limit damage, not to eliminate it. It
provides design and construction techniques so that buildings and other structures can
survive the tremendous forces of earthquakes. While codes and design practices have
resulted in greatly improved designs of new buildings, the main danger lies in the
nation's inventory of existing vulnerable buildings.
This thesis is an adaptation of a real seismic retrofitting project in Montreal. Even if this
city is not located in a high seismic activity region, the possibility of an eventual
earthquake cannot be disregarded. In fact, the Province of Quebec's seismic history
shows four earthquakes of more than 5.9 on the Richter scale over the last 73 years2.
The Ste-Justine Hospital in Montreal was built at a time when seismic engineering
regulations were rudimentary and applied with inconsistency. The hospital's
professionals are currently planning to enlarge the hospital, and since they are aware of
this problem, they also want to secure the existing buildings by increasing their lateral
rigidity. However, a hospital is very incompatible with construction for obvious reasons:
perturbation of health services, noise, vibrations, dust, waste, and physical restrictions.
Federal Emergency Management Agency (2007). Eathquakes facts. Washington, USA: Federal Emergency
Management Agency. Consulted February 22th 2008, from
http://www.wvdhsem.gov/WV_Disaster_Library/Library/Earthquake/MitOverv.htm
2 National Resources Canada (2006). Significant earthquakes of the 20th Century. Ottawa, Canada: Public Works and
Government Services Canada. Consulted February 6th 2008, from
http://www.wvdhsem.gov/WV_Disaster_Library/Library/Earthquake/MitOverv.htm
http://earthquakescanada.nrcan.gc.ca/historic_eq/20th/signife.php
The objective of this thesis is to propose and compare different solutions to retrofit the
existing buildings, taking into account that minimum disturbance in the hospital is
required. The first section depicts general information concerning the hospital. The
second section presents the proposed solutions. The third section compares the stiffness
and the cost of the selected option with a disregarded option. The last section presents
some pictures that have been taking during the construction of the chosen solution.
1. General information
1.1 The Ste-Justine Hospital modernization project
Dedicated to mother, child, and adolescent health, the Ste-Justine Hospital in Montreal
was inaugurated in 1907. The hospital had grown rapidly with the support of people who
were devoted to the children's cause. In order to respond to the health services demand, a
new complex of 64,739m2 was built between 1950 and 1957.
Facing the last decades' growth in health care needs, the hospital's professionals have
proposed different solutions to maintain the quality of their services. Research has been
done on the hospital conditions, and experts have concluded that the actual installations
are not currently functional: their lifespan cannot be extended. In reaction, the hospital's
direction committee has decided to produce a document called Retrofitting and
Development Planning (RDP). It specifies the needs of a modern hospital, upgrading
requirements of the existing buildings, and new constructions expected by the end of
2011. The RDP indicates 30,000m 2 of new areas, represented in blue in figure 1. It also
specifies that 15,000m 2 of the existing hospital will be modernized. The white rectangles
represent the existing buildings. The browns lines border the hospital territory.
Figure 1 - Retrofitting plan3
3 Groupe Cardinal Hardy (2006). Retrofitting and Development Planning. PDF file, p. 6 (in French, trans. by V.
Chartrand).rtrand).
1.2 Existing conditions
The existing buildings, numbered from one to ten, are presented in figure 2. Most of the
buildings have four basements and up to nine floors above the ground level.
Figure 2 - Plan of existing buildings4
Figure 3 - Picture of existing buildingss5 Figure 4 - Picture of main entrance
The existing buildings are made of concrete, with the construction style typical of the
1950s: closely spaced square and rectangular columns (300mm x 450mm to 760mm x
4 Groupe Cardinal Hardy (2006). Retrofitting and Development Planning. PDF file, p. 5 (in French, trans. by V.
Chartrand).
5 Idem, p. 8.
6 Idem, p. 24.
760mm), beams of small dimensions (200mm x 350mm to 350mm x 450mm), and thin
slabs (130mm). From outside to inside, the composition of the exterior walls is 100mm
of bricks, 200mm of terracotta, 25mm of air, 100mm of terracotta, and 25mm of plaster.
The composition of the interior walls is a layer of concrete blocks, bounded by 100mm of
terracotta on each side.
1.3 Structural system review
None of the buildings have shear wall or bracing. The engineers have apparently been
counting on the frame behavior of the continuous reinforced concrete structure to resist
the lateral wind forces. On the structural drawings, there is no indication that forces from
an eventual earthquake have been taken into account. In addition to having a lateral
resistance far from the actual norms' requirements, the rebar details give insufficient
ductility to the structure.
The exterior and interior wall composition adds stiffness to the structure. For this reason,
the buildings have demonstrated a satisfactory behavior under wind loading. However, a
severe earthquake could degrade these walls, and the global rigidity would be decreased,
even lost.
Moreover, every building is separated from each other by construction joints. In the
1950s, this was a common method to avoid cracking problems caused by concrete
shrinkage and thermal forces. These two contraction sources do not exist anymore and,
therefore, the construction joints can be closed. This statement is important when seismic
retrofitting is discussed, and section 1.8 will provide further explanations.
The buildings sit on rock of good quality. The ground condition at the foundations level
is renowned as an important parameter controlling the amplitude of the seismic forces
imposed on a structure. In fact, the stiffer the soil, the smaller the seismic forces.
Consequently, the motion of the structure will also be smaller.
1.4 Retrofitting and Development Planning (RDP) considerations
Figure 1 shows that RDP envisages the construction of a new building (identified by a
star) very close to the existing ones, but it does not specify the eventual adjacency of the
different zones of the hospital. The exploitation of a hypothetical adjacency will be taken
into account in section 2. The new building could be used to stabilize the old ones. If
feasible, this option would minimize the disturbance in the existing hospital during the
retrofitting process. Since the project is in its preliminary phase, it is possible to adapt
the geometry of the new constructions to the existing ones. The RDP should be used as a
guide, but it does not represent a definitive plan for the buildings.
RDP envisages the modernization of certain existing zones of the hospital that will be
temporarily relocated in the new constructions. It will be combined with the elimination
of most of the interior partitions, and consequently, of the stiffness that they provide to
the structure. This situation will cause an irregularity called "flexible floor", which is to
be avoided according to the actual norms7. Therefore, the proposed solutions will also
have to provide the rigidity of the removed partitions.
1.5 Risk of an earthquake in Montreal
Eastern Canada is located in a stable continental region within the North American Plate
and, as a result, has a relatively low seismic activity. However, large and destructive
earthquakes have occurred in Eastern Canada in the past, and will inevitably happen in
the future.
Annually, about 450 earthquakes occur in eastern Canada. Of this number,
approximately four exceed magnitude 4 on the Ritcher scale, thirty surpass magnitude 3,
and about twenty-five events are reported to be felt. On average, there are three
earthquakes greater than magnitude 5 per year. For comparison, a magnitude 3 event is
7 Associate Committee on the National Building Code (2006). National building code of Canada. Ottawa, Canada:
Quadratone Graphics LTD. p. 4-24, Division B, table 4.1.8.6, section 4.1.8.7.
strong enough to be felt in the epicentre area, and a magnitude 5 event is generally the
threshold of damage.
The causes of earthquakes in eastern Canada are not well defined. At the opposite of
plate boundary regions, where the size and rate of seismic activity is proportional to plate
interaction, eastern Canada is part of the stable interior of the North American Plate.
Figure 5 depicts the world's tectonic plates. Seismic activity in areas like these seems to
be related to the regional stress fields.
Figure 5 - Tectonic plates9
Montreal is located in the Western Quebec seismic zone. It constitutes a vast territory
that includes the Ottawa Valley from Montreal to Temiscamingue, as well as the
Laurentians and the Eastern Ontario. Figure 6 presents the Western Quebec seismic
zone, as well as the seismic activity data of the last century.
8 National Resources Canada (2006). Significant earthquakes of the 20th Century. Ontario, Canada: Public Works and
Government Services Canada. Consulted November 17th 2008, from
http://earthquakescanada.nrcan.gc.ca/historic_eq/20th/signif_e.php
9 Tectonic plates. Consulted November 3 rd 2008, from
http://www.ofspiritandsoul.com/images/vortices/tectonic-platesjpg
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Figure 6 - Western Quebec seismic zone 1o
Looking at the seismic history of Canada, four recent significant earthquakes have
stricken the Province of Quebec. They are presented in table 1.
Province of Quebec Intensity on RichterYear
region scale
1925 Charlevoix-Kamouraska 6.2
1935 Temiscamingue 6.2
1988 Saguenay 5.9
1989 Ungava 6.3
Table 1 - Recent significant earthquakes in the Province of Quebec"
10 National Resources Canada (2006). Significant earthquakes of the 20th Century. Ontario, Canada: Public Works and
Government Services Canada. Consulted February 6th 2008, from
http://earthquakescanada.nrcan.gc.ca/historiceq/20th/signife.php
t Idem
During the last decade, the risks of a destructive earthquake in the Saint-Laurent Valley
were studied, and the results were incorporated in the National Building Code 2006.
Table 2 presents the spectral accelerations for the Ste-Justine Hospital.
Fundamental period Spectral acceleration
(sec) (m/s 2 )
< 0.2 0.69g
0.5 0.34g
1.0 0.14g
> 2.0 0.048g
Table 2 - Spectral accelerations for the Sainte-Justine Hospital12
These values are calibrated for a period of recurrence of 2,500 years (probability of 2% to
be exceeded in 50 years) and represent a moderate risk. A spectrum represents the
relative distribution of the energy of the soil's seismic movement, which will be
transmitted to the structure. The hospital's buildings have a fundamental period
relatively high (greater than 2 seconds) and, as a consequence, should be exposed to
moderate excitations in the case of an earthquake.
However, these excitations exceed what the existing structure is able to resist. Moreover,
the codes do not enable consideration of non-structural elements, such as partitions and
exterior walls, for lateral rigidity resistance. Seismic rehabilitation is needed.
12 Associate Committee on the National Building Code (2006). National building code of Canada. Ottawa, Canada:
Quadratone Graphics LTD. p. C-28, Appendices C, table C-2.
1.6 Quebec's laws and norms
In the Province of Quebec, the structural conception is regulated by the Quebec
Construction Code, which adapts the Canadian Building Code. This thesis is based on
both codes.
For existing buildings that are being modified, the regulations have been softened: if an
existing building meets 60% of the seismic resistance required by a new, equivalent
structure, it can be left without any modification 13. However, for retrofitted buildings, the
codes do not specify whether 60% or 100% of an equivalent new building must be
modified. The Ste-Justine Hospital belongs to this category. Since the difference in the
material costs between the intervention with the objective of 100% and that with the
objective of 60% is small, it is preferable to aim for 100% modification. In fact, the
material costs represent a small part of the global cost of the retrofitting job, which
includes labor and temporary installations.
Also, taking into account the importance of the Ste-Justine Hospital, a conservative
approach should be taken. Ignoring the cost, it is safer to retrofit the existing buildings
with the objective of 100%.
1.7 Need for structural interventions
In their current conditions, the existing buildings do not meet the codes requirements by a
wide margin, according to many criteria. Without the contribution of the partitions
(terracotta and concrete blocks) and of the exterior wall (terracotta and bricks), the
structure that has to resist the forces of an earthquake is composed only of columns,
beams, and slabs.
Moreover, the transverse reinforcement of the beams and columns is insufficient. In the
1950s, the resistance of concrete structures to shear stresses was overestimated, while the
'3 Associate Committee on the National Building Code (2006). National building code of Canada. Ottawa, Canada:
Quadratone Graphics LTD. p.4-20, Division B, section 4.1.8.3.
cyclic forces induced by earthquakes were neglected. Since then, ductility has been
recognized as the most important property for structures potentially exposed to
earthquakes. The existing structure has a very limited ductility. Exposed to deflections
greater than the ones corresponding to its resistance, the structure would be considerably
damaged. The proposed solutions will have to limit the deflections with an adequate
rigidity.
In the case of earthquake intensities between 6.5 and 7 on the Richter scale, it is also
important to take into account that many injured persons will need physical help. It is
imperative that the hospital remain functional after the incident. In its current condition,
there are doubts about the possibility of a continued functionality:
* Even if there is a small probability that this kind of event may happen, there is a
possibility of partial or total collapse. The norms are based on this probability 14,
which is 10-5 to 10-6 .
* Movements between floors of more than 1:300 (13mm in absolute value) could
damage the non-structural elements, for example, partitions, exterior walls, and
elevator cages. This damage could make the hospital unusable and unsafe.
For "civil protection" buildings, the Canadian Building Code stipulates that deflections of
1:100 for masonry walls are acceptable' 5 . This criterion is based on the fact that "civil
protection" buildings have to be able to take in and protect disaster victims. However,
since the operation of a hospital has to be guaranteed after an earthquake, deflections of
1:300 constitute a more conservative approach.
14 Associate Committee on the National Building Code (2006). National building code of Canada. Ottawa, Canada:
Quadratone Graphics LTD. p. C-10, Division B, appendix C.
15 Idem. p.4-31, Division B, section 4.1.8.13.
1.8 Retrofitting of the hospital: priorities
The retrofitting of a hospital that has to remain functional is a complicated task. This
observation implies that the number of zones affected have to be limited. Practically, this
objective can be achieved with the two following methods:
* Blocking every construction joint
The establishment of continuity between every existing building into one
complex would reduce the number of interventions in each of them. In fact, a
single building, separated from the others, will require more lateral resistance
elements than the same building attached to its neighbors.
* Intervening from the exterior of the hospital
For evident reasons, disturbance due to construction in the corridors and
elevators should be avoided. Section 2 presents solutions that would be
implemented in the facades, or solutions taking advantage of the new
constructions.
The following pictures present three different options that could be used to restrain the
construction joints. Options depicted in figures 7 and 8 should be used if levels above the
joints are inaccessible, and option shown in figure 9 should be used in the opposite
situation.
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An important criterion related to structural security has to be remembered. In the case of
an earthquake, a partially braced building may be more unsafe than the same non-braced
building. Therefore, the installation of the new elements has to be done continuously.
One cannot introduce rigid elements in certain floors, and to leave the other floors on
standby for a relatively long period (months or years).
20
2. Options
This section presents the different options, accompanied by their advantages,
disadvantages, and even impossibilities. As mention in section 1.8, it is evident that the
interventions will have to be inside or close to the facades. Major disturbance in the
hospital is intolerable. Also, the installation of the elements should start at the ground
level and should continue until the roof. The procedure should take only a few weeks.
The performance criteria concerning the structure are
* A sufficient lateral resistance in order to preserve the integrity of the structure
during an earthquake.
* A deflection limitation compatible with the use of the buildings after the
earthquake. This criterion is governed by the tolerance of non-structural
elements such as partitions, facade, ceilings, piping (the sprinkler systems in
particular), transport installations (elevators), and electricity. For a hospital,
particular installations, such as machines for diagnostics and surgery, are added
to this list. Deflection criteria are not the same for all of these elements.
However, an objective of 1:300 applicable for the masonry walls constitutes a
conservative global approximation.
2.1 Proposed solutions
Table 3 presents eight different options. The Notes column is a general grading of the
solution. A positive sign means a good concept, whereas a negative sign means a
relatively inappropriate solution. Since an architecture firm is involved in the project,
aesthetic considerations cannot be disregarded.
Structural# Materials Structuration Advantages and disadvantages NotesconfiMion
* limited rigidity
* complicated attachment to the existing
cross or chevron1 steel structurebracings
* aesthetic problems
* fenestration compatibility problems
2 steel rigid frames * insufficient rigidity
* limited rigidity
bracings with * intolerable amount of deformation
damping system required to mobilize the damping system
(for a "civil protection building")
steel shear plate walls
with stiffeners
costly assemblies (bolts)
or risky assemblies (welds'
* aesthetic problems
6 reinforced cross or chevron * fenestration compatibility problems
concrete bracings * efficient rigidity
* high cost
+
Table 3 - Options
The design team has decided that options 5, 7, and 8 (identified by the grey lines) deserve
consideration. The elimination of the steel bracing system option is mainly due to
aesthetic problems. In other words, the architects did not want any obstruction in front of
the window openings. Because of the irregular positioning of the windows for most of
the blocs, even two stories chevron bracings were not satisfying.
Figures 10 and 11 are examples of what the architects involved in the Ste-Justine
Hospital project wanted to avoid. In 2005, the San Diego Medical Center has been
brought up to code in order to comply with new seismic standards, and exterior steel
bracings were chosen for the retrofitting. In this case, aesthetic constraints were less
severe than the St-Justine Hospital's.
Figure 10 - San Diego Medical Center elevation
6
Figure 11- San Diego Medical Center
bracings17
Further analyses concerning the three selected options are presented below.
Option 5: Reinforced concrete shear walls inside existing buildings
The existing facade composition (100mm of bricks, 200mm of terracotta, 25mm of air,
100mm of terracotta, and 25mm of plaster) allows the replacement of the 100mm
terracotta and plaster layers by a new shear wall, without any lost of interior space.
Borings through the slabs would be necessary for the vertical rebars' installation. Figures
12 and 13 show the solution.
16 Russell, B. (2008). Veterans affairs medical center in San Diego gets seismic retrofit [Electronic version]. AIA
Architecte, 15, p13-14. http://www.aia.org/aiarchitect/thisweek08/0530/0530pseismic.cfm
17 Idem
Figure 12 - Plan of solution 5
Figure 13 - Section 1 of solution 5
The main difficulty is the concrete pouring. Three methods could be used:
1. To remove a part of the brick wall and terracotta (1) layer that are parallel to
the future shear wall, then completely remove the terracotta (2) and plaster
layers, install conventional formwork (for the two faces of the future wall),
pour concrete, replace terracotta (1) layer with insolent, and replace the
removed bricks with new ones. It would be very difficult to pour concrete
directly against the terracotta layer and the brick wall because of the
hydrostatic pressure of fresh concrete.
2. To use shotcrete or gunnite methods. Unlike standard concrete, which is first
poured and then vibrated, these methods undergo pouring and vibration at the
same time due to the force with which concrete is projected. The
disadvantages of this method are the waste of concrete (up to 50% in some
cases), and the difficult approximation of the in-situ compressive strength1 8.
Consequently, the thickness of the shear walls might have to be greater.
3. To use a steel deck as formwork (solution presented in figure 3). The
formwork would not have to be removed.
Option 7: Concrete block walls inside existing buildings
Prefabricated concrete block walls can resist shear forces. However, their resistance is
inferior to standard concrete walls. Also, the area of the cells can limit the quantity of
rebars that can be placed. Figuresl4 and 15 present the solution.
18 Neil Harvey (2008). Gunite Crete Method. Tamborine, Australia: Queensland Publishing. Consulted April 13th
2008, from http://www.gunitecrete.com/
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Figure 15 - Section 1 of solution 7
If this solution is adopted, thicker walls than those in option 5 would be needed.
However, the main advantages of concrete blocks are
* In the context of building retrofitting, they are economical.
* They are faster to install than standard concrete shear walls.
* They do not require exterior scaffolding.
* Their installation is cleaner and less cumbersome than standard concrete shear
walls.
This solution's configuration would be the same as solution 5. Rebars would be placed
horizontally in the joints and vertically in the blocks' cells. The introduction of the
vertical rebars would require borings through the slabs.
Option 8: Reinforced concrete shear walls in the adjacent new buildings
Undoubtedly, the new buildings will include lateral resisting elements. When possible,
increasing their strength in order to augment the stability of the adjacent existing
buildings is a current method, which is limited by the geometric compatibility of the
buildings.
The building identified by a star in figure 1 is the potential construction that could be
used for this method. Since it is located asymmetrically with respect to the existing
hospital, seismic forces generated by the buildings far from this new construction could
not be transmitted only by the floors acting as diaphragms. As a result, every existing
building would require lateral resisting elements, but of a lesser quantity and size than
options 5 and 7.
If this solution is selected, the following considerations would have to be taken into
account:
* The process by which the forces are carried to the stiffer elements has to be
carefully analyzed. In order to avoid excessive forces, the establishment of
continuity between the existing and new buildings would have to be ensured by
spatially distributed connections.
The new vertical elements and the solidification would have to be extended over
the height of the existing buildings. In the case of smaller new buildings, this
solution would be difficult to adopt.
If this solution is possible, its advantages would be the following
* For the new constructions, the additional cost associated with the increase in their
lateral resistance (thicker walls and supplementary rebars) is negligible.
* The disturbance in the existing hospital is minor compared to options 5 and 7.
The exception is the connection of the common shear walls.
The preliminary location of the new elements is presented in figure 16.
Figure 16 - Disposition of the new elements for option 8
2.2 Selected solution
After months of negotiations, the hospital professionals have decided that none of the
options were satisfying. They have chosen to go forward with a modified option 5:
Reinforced concrete shear walls outside the existing buildings. In fact, the hospital
professionals were so concerned about disturbance in the buildings that the design team
had no choice but to develop a strategy so that no one in the hospital could notice that
modifications near the facades were being in process. Therefore, concrete projected
(shotcrete method) from the outside, directly on the existing brick walls, has been
selected. More expensive than all the other options, section 3.3 shows the costs
associated with this choice. Note that the shotcrete is a dry mix process, and induces very
small hydrostatic pressure on the exterior masonry walls.
The construction started in summer 2008, and should go on until summer 2009. There
are a total of twelve walls to build. The design team has decided to start with the most
vulnerable buildings. Throughout the years, some of the interior partitions have been
removed in some of the buildings for different reasons. Consequently, retrofitting in
some of them is more imperative.
Figure 17 depicts how the new walls will be connected to the existing structure. Note
that the existing exterior masonry wall is conserved. Every meter, rebars of 55mm
diameter will link the existing structure (edge beams or columns) with the new one. To
insure an efficient composite action, the rebars will be welded to a 13mm plate, located
on the exterior side of the building, and rebars will be anchored with epoxy in the existing
structural elements.
Figure 17 - Plan view: connection new shear wall
Figure 18 shows the foundation system. Since the new walls sit on rock of good quality,
sophisticated foundations are unnecessary. On each side of one wall, two boreholes,
100mm diameter and 3,000mm deep, will be filled with mortar, and a 55mm diameter
rebar will be placed into those boreholes.
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Figure 18 - New wall foundation
3. Concrete shear walls and steel cross bracings comparison
In order to respect the purpose of this thesis, only bloc seven has been modeled using
Etabs 19 . This specific building is circled in figure 19. Its dimensions are about 62m by
14m. It has seven similar floors, no basement, and the slab to slab distance is 3.6m. As
mentioned in section 1, there is no bracing element.
Figure 19 - Bloc 7 circled in orange
Two options have been modeled. The first one is option 5 presented in table 3: concrete
shear walls, with window openings, adjacent to the facade of the existing buildings. Even
if specified as an unsatisfactory solution mostly because of aesthetic problems, option 1
has also been analyzed: cross bracings in existing buildings. The objective is to compare
the two options, mostly for the additional stiffness that they provide to the existing
buildings. Therefore, the comparison will be based on maximum displacements. As
specified in section 1.7, displacements of more than 1:300 are unacceptable. Note that
one objective here is not to find an ideal design, but to compare the feasibility and the
properties provided by the two different options. For this reason, no calculations will be
dedicated to selecting the optimized size and thickness of the structural members.
19 Etabs: Integrated building design software. Computer and Structures Inc. Berkeley, California, USA. Version 9,
November 2005.
3.1 Concrete shear walls with window openings in the existing building
3.1.1 Material properties
The compressive strength of the new shear walls is 30MPa. Even if built in the 1950s, it
corresponds to the same compressive strength of the concrete elements in the existing
building. Therefore, the new and existing concrete properties are the same and presented
in table 4.
compressive strength 30 000 kN/m 2
mass per unit volume 2.4 tons/m 3
weight per unit volume 23.5 kN/m3
modulus of elasticity 17.5x 106 kN/m 2
poisson's ratio 0.2
coefficient of thermal expansion 9.9x10-6/oC
shear modulus 7.3x10 kN/m
Table 4 - Existing and new concrete properties
The elastic modulus has been reduced by 30% in order to take into account the properties
of cracked concrete.
3.1.2 Loads
The existing dead and live loads prescribed are presented in tables 5, 6, and 7.
roof membrane 0.7kN/m 2
slab (115mm) 3 kN/m2
beams 1.4 kN/m2
ceiling 0.5 kN/m2
mechanical 0.5 kN/m2
snow 2.6 kN/m2
Table 5 - Roof loads
slab (115mm) 3 kN/m 2
floor topping 1.2 kN/m 2
beams 1.4 kN/m2
ceiling 0.5 kN/m 2
partitions 1.0 kN/m
mechanical 1.4 kN/m
live load 4.8 kN/m2
Table 6 - Interior floors loads
brick 1.6 kN/m 2
terracotta 1.9 kN/m2
interior terracotta + plaster 1.4 kN/m
Table 7 - Exterior wall loads
For seismic analysis, the Canadian Code requires the following load combination:
1.0*dead load + 0.25*snow load. The slabs have been modeled as rigid diaphragms, and
the loads presented in table 8 have been uniformly distributed at each floor.
Total weight Total weight(kN) (tons/m)
Roof 8,622 0.991
7t floor 11,104 1.276
6th floor 11,104 1.276
5 floor 11,104 1.276
4th floor 11,141 1.28
3 rd floor 11,427 1.313
2n" floor 11,704 1.345
1st floor 0 0
Total 76,206 8.8
Table 8 - Weight of building (shear wall option)
Note that the small differences in the weight on each floor are mostly due to the change in
column dimensions.
3.1.3 Modeling
Two walls have been added in each direction. As depicted in figure 20, their length is
about 1 Im in the long direction and about 14m in the short direction. Their thickness is
200mm between the ground level and the third floor; and 300mm on the fourth floor and
above. These thicknesses correspond to typical values for concrete shears walls located
in Montreal.
Figure 20 - Shear walls positioning
Figure 21 presents the Etabs model of bloc 7. Note that the openings have been modeled.
At each floor, where the windows are located, the cross section area of the walls is
reduced by 35% in the long direction, and about 16% in the short direction. Also, the
existing beams and columns have not been modeled because the stiffness that they
provide to the structure is insignificant compared to the lateral bracing scheme. The
Canadian Code allows for this simplification.
Figure 21 - Etabs model of concrete shear walls
3.1.4 Modal analysis
The three first modes are presented in figures 22, 23, and 24. The fundamental period is
0.8s, and is described by translation parallel to the long direction of the building. The
second mode has a period of 0.53s, and corresponds to a translation parallel to the short
direction of the building. The third mode presents torsion, and has a period of 0.32s.
Figure 22 - Mode 1 (Period: 0.8s)
Figure 23 - Second mode (Period: 0.53s)
Figure 24 - Third mode (Period: 0.32s)
3.1.5 Dynamics analysis
Figure 25 presents the acceleration spectrum that has been used for the dynamic analysis.
Note that the spectrum corresponds to a soil defined by the Canadian Code as type B20:
rock with an average shear waves velocity between 760 m/s and 1,500m/s.
Acceleration spectrum - soil B Montreal
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Figure 25 - Acceleration spectrum - soil B Montreal
The Canadian Code requires scaling the results of the dynamic analysis by
9.8"IEScale factor = RdRo
The variable IE is the seismic priority coefficient. For civil protection buildings 21, as
hospitals, the National Building Code requires this coefficient to be 1.522. Rd is the
ductility coefficient associated with the lateral resisting system. It takes into account that
a fraction of the energy induced in a building during an earthquake is dissipated by
yielding of some of the structural elements. Ro is the over-strength coefficient. For
moderately ductile concrete shear walls, Rd and Ro are respectively 2.0 and 1.4 23. As a
result, the scale factor is equal to 5.25.
2 0Associate Committee on the National Building Code (2006). National building code of Canada. Ottawa, Canada:
Quadratone Graphics LTD. p. 4-22, Division B, table 4.1.8.4.A
21 Idem. p. 4-3, Division B, table 4.1.2.1
22 Idem. p. 4-23, Division B, table 4.1.8.5
23 Idem. p. 4-26, Division B, table 4.1.8.9
Using Etabs, the displacement in the long direction was found to be 34mm, and 22mm in
the short direction. The maximum displacement corresponds to a ratio of 1:740, which is
more than twice the established limit of 1:300.
Figure 26 presents the displacements of every story due to an earthquake in each
direction. The stiffness in the short direction is greater than the one in the long direction
since walls 3 and 4 (parallel to the short direction) are 3m longer than wall 1 and 2
(parallel to the long direction), and have half of the openings area. For this reason, it is
understandable that the earthquake in the short direction leads to less deflection.
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Figure 26 - Building with concrete shear walls: displacements comparison
Figure 27 shows the drift for every floor.
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Figure 27 - Building with concrete shear walls: drift
The maximum overturning moment is about 55,000kNm. It is a reasonable value, and a
300mm wall should be thick enough to carry it.
3.2 Steel cross bracings in the existing building
3.2.1 Material properties
The properties of old concrete has been presented in section 3.1.1. Table 9 presents the
steel properties.
mass per unit volume 7.8 tons/m3
weight per unit volume 76.8 kN/m3
modulus of elasticity 200x10" kN/m
poisson's ratio 0.3
coefficient of thermal expansion 1.27x10-/oC
shear modulus 7.3x10 -6 kN/m2
minimum yield stress (Fy) 3.45x10 kN/m2
minimum tensile strength 4.5x10 kN/m2
Table 9 - Material properties of steel
3.2.2 Loads
The loads have been presented in section 3.1.2. However, the total weight for every floor
is slightly smaller since the weight of the steel bracings is less than the concrete shear
walls'. Table 10 presents the loads applied at every diaphragm.
Total weight Total weightFloor (kN) (tons/m2)
Roof 8,302 0.954
7th floor 10,435 1.199
6th floor 10,435 1.199
5th floor 10,435 1.199
4 th floor 10,472 1.203
3rd floor 10,562 1.214
2nd floor 10,642 1.223
1 st floor 0 0
Total 71,281 8.2
Table 10 - Weight of building (steel bracing option)
3.2.3 Modeling
At every floor, four cross bracings have been placed in each direction. They cover the
same length as the shear walls in section 3.1. They create an angle of about 350 with
respect to horizontal. Taking into account that the steel option would be less stiff than the
first one, a large cross-section was chosen: 203x203x9.5 hollow sections.
Figure 28 shows the Etabs model.
Figure 28 - Etabs model of the steel bracing option
3.2.4 Modal analysis
The three first modes are presented in figures 29, 30 and 31. Their shape is the same as
the modes for the concrete shear wall; however, the corresponding periods are greater.
The fundamental period is 1.77s. The second and third modes have a period of 1.52s and
0.88s, respectively.
Figure 29 - Mode 1 (Period: 1.77s)
Figure 30 - Mode 2 (Period: 1.52s)
Figure 31 - Third mode (Period: 0.88s)
One can validate the modal analysis results by calculating the stiffness per story for the
two models. The following calculations correspond to the long direction.
Concrete shear walls (cracked concrete):
Stiffness of one wall (length of 10.9m, thickness of 0.2m, no opening) =
kN
17 479 000 -
0.2m x 10.9m x m
2(1+0.2)
3.6m
kN
- 4418 308 k
m
Total stiffness per floor, long direction (2 walls per direction) =
kN kN
2 x4418 308- = 8 836 605-
m m
Steel cross bracings:
Stiffness of one cross bracing (angle of 33 with respect to horizontal) =
Ad Ed sin20 cos 0
h
6490 2 m 2  06kN
10 2 x 200x10 2 x sin 66 xcos 33
3.6m
kN
= 276 245-
m
Total stiffness per floor, long direction (4 bracings per direction) =
kN kN
4 x 276 245- = 1104 978-
m m
AwG
h
We can see that the stiffness of the concrete shear walls is about eight times greater than
the stiffness provided by the steel bracings. Note that the window openings have not
been taken into account in these calculations. Consequently, the real shear walls'
stiffness should be slightly smaller.
Since the period is proportional to the ratio of the mass over the stiffness, it is logical that
the steel bracing option has greater periods.
3.2.5 Dynamics analysis
Coefficients Rd and Ro are different from the shear wall option. For moderately ductile
concentrically braced frames, Rd=3.0 and Ro=1.324 . Therefore, the scale factor is equal to
3.8.
Using Etabs, the displacement in the long direction was found to be 52mm, and 49mm in
the short direction. The maximum displacement corresponds to a ratio of 1:485. This
value is almost 1.5 times greater than the ratio obtained with the concrete shear walls;
however, it respects the recommendation specified in section 1.7 of 1:300.
Figure 32 shows that the displacements of the diaphragms center of mass are very similar
in the two directions, which is not the case for the concrete shear walls.
Figure 33 shows the drift for every floor, in each direction. In comparison with figure 27,
and because the drift is almost constant, we can conclude that the displacement profile of
the building with steel bracings seems to correspond more to a shear beam model than the
building with shear walls.
24 Associate Committee on the National Building Code (2006). National building code of Canada. Ottawa, Canada:
Quadratone Graphics LTD. p. 4-26, Division B, table 4.1.8.9
Figure 32 - Building with steel cross bracings: displacements comparison
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Figure 33 - Building with steel cross bracings: drift
The maximum load in the bracing diagonals is about 700kN. For an unbraced length of
6.5m, the allowable load for a 203x203x9.5 section is 1,400kN. This load is far from the
capacity of the section; therefore, the choice of the size of the members could be
optimized. However, the deflection limit of 1:300 must be satisfied.
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3.3 Structural analysis results comparison
Regardless of architectural and site constraints, we can conclude that both options, the
concrete shear walls and the steel bracings, could be chosen. In fact, they both satisfy the
deflection limit.
On the other hand, the results have demonstrated that the two options provide dissimilar
stiffness to the building. The concrete shear wall option is about eight times stiffer than
the steel bracing option. For the actual case, the difference was not significant, but in a
region of higher seismic activity, the steel option would probably not be selected.
Figure 34 presents the diaphragm center of mass displacement of every floor, for an
earthquake in the long direction. The results for the two options are superposed. Figure
35 shows the same results, but for an earthquake in the short direction.
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Figure 34 - Displacement comparison, earthquake in long direction
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Figure 35 - Displacement comparison, earthquake in short direction
We can see that the lateral bracing system's stiffness of the shear wall option has a
greater influence in the short direction.
3.4 Cost analysis
In section 2, a minimal emphasis was placed on the cost of the proposed options.
Actually, the hospital professionals were more concerned about the buildings' operations,
and the optimization of the total cost was not a priority. The real cost of the seismic
retrofit of bloc 725 is described in this section.
Bloc 7's seismic rehabilitation has cost a total of $1.5M. It corresponds to $73 1/m2 of
wall. The shotcrete method is expensive, but the primary structural expenses represent
only a small portion of the total cost; more precisely $292/m 2, or 40%. The rest is
divided into two categories: secondary structural costs such as excavation, and masonry;
and other costs related to plumbing modifications, paint, general conditions, etc.
Respectively, they correspond to $157/m 2 and $282/m 2. One can see that the cost for the
third category is almost the same as the primary structural cost. In fact, adding shear
walls to an existing building implies many other small interventions, mostly architectural.
The structural costs of primary level demonstrate that the shotcrete method is relatively
expensive. A standard cast in place concrete shear wall usually costs about $200/m 2,
which is about one third less than the cost for the bloc 7's shear walls.
Table 11, 12, and 13 present the different costs associated with the seismic retrofitting of
bloc 7.
Primary structural costs
formwork $157,892
Shotcrete $290,103
rebars $134,000
total cost $581,995
total cost per m2  $292/mz
Table 11 - Bloc 7's primary structural costs
25 Pormerleau (2008). Bloc 7, seismic rehabilitation cost. Excel file, p. 1 (in French, trans. by V.
Chartrand).
Secondary structural cost
demolition $48,700
excavation $21,013
miscellaneous metal $5,000
roc drilling $5,000
structural lintel $43,995
roof carpentry $22,000
masonry $167,800
total cost $313,508
total cost per m $157/m 2
Table 12 - Bloc 7's secondary structural costs
Other costs
general conditions (salaries, insurance, etc) $336,694
water heating $15,000
outside membrane $1,040
interior gypsum $36,992
insulation $30,500
membrane $5,300
aluminum siding $78,300
light weight siding $3,699
paint $10,000
electrical conduits relocation $10,000
air handling relocation $8,382
floor surfacing $3,180
roof refection $5,350
plumbing relocation $10,000
flashing $7,500
total cost $561,937
ttal cost per m2  $282/m
Table 13 - Bloc 7's other costs
Total cost bloc 7
total cost $1,457,440
total cost per m2 $731/m
Table 14 - Bloc 7's total cost
If the exterior steel bracing option would have been selected, less architectural
interventions would have been required because of the fewer connections with the
existing structure. Consequently, the total cost would have been smaller. Also, for the
same lateral loads, steel bracings usually cost less than a concrete shear wall.
4. Pictures and accomplishment
As mentioned in section 2, the concrete shear wall option has been chosen for the seismic
rehabilitation of the hospital mainly because of architectural considerations. The
construction has started at the beginning of 2008, and the following pictures show the
construction steps of blocs 4 and 7's new walls.
In figure 36, the excavation has been done, and the formworks around the window
openings have been installed. Figure 37 shows the new 200mm wall after its erection
using the shotcrete method. Note that the existing exterior masonry wall has not been
removed.
new 20=
wall
formwork
for existing
Figure 36 - Bloc 7 formwork installation Figure 37 - Side elevation of bloc 7 new wall
Figure 38 shows a front elevation of the same concrete wall. Formworks around the
windows have been removed. In figure 39, the new layer of bricks has been erected in
front of the new concrete shear wall. One can hardly perceive the modifications that have
been done to the facade.
Figure 38 - Front elevation of bloc 7 new wall
Figure 39 - New masonry wall bloc 4
Conclusion
The major objective of this thesis was to describe the seismic retrofitting of the Ste-
Justine Hospital in Montreal. After reviewing the existing conditions of the hospital, the
nonexistence of any lateral bracing scheme, as well as the potential risk of an earthquake
in eastern Canada, modernization priorities were defined: blocking the construction
joints, and increasing the lateral stiffness of the existing buildings.
A comparison was made of the possible solutions for the seismic rehabilitation of the
hospital; taking into account that disturbance of the hospital was intolerable. Eight
options were discussed, and three in particular were deeply studied. Because of aesthetic
considerations and concerns for perturbation of the hospital's operations, exterior
concrete shear walls adjacent to the facades were selected as the best option. The exterior
masonry walls should not be removed, and concrete should be propelled directly on them.
Analyses were carried out on the various options. Of particular interest was how closely
they satisfied the deflection limit of 1:300. In fact, movements between floors of more
than 1:300 could damage the non-structural elements, as partitions, and exterior walls.
Both concrete and steel options were modeled. The purpose was to compare the
displacements with the chosen solution. The deflections were found to be greater for the
steel solution, but below the 1:300 criterion. Furthermore, a cost analysis was presented.
Since this thesis refers to an actual structural engineering project, the real cost of the
seismic retrofit of one bloc of the hospital is known. It was shown that the architectural
interventions in this kind of project may cost as much as the structural modifications.
In the last section, a few pictures that were taken on the construction site during one of
the walls was being built are presented.
This thesis has demonstrated that any solution to a given problem always depends on the
needs of the owner, the architectural requirements, and possibly the mechanical
constraints. When a structural engineer is catering to architecture, it is a sign that he is
doing his job properly. In the case of seismic rehabilitation, he should be reminded that
originally the structure of the building was always part of the architecture, and that
structural solutions do not stand by themselves only.
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